In this paper we present the investigation of the energy transfer efficiency between Tb 3+ and Yb 3+ ions in silica-hafnia waveguides. Cooperative energy transfer between these two ions allows to cut one 488 nm photon in two 980 nm photons and could have important applications in improving the performance of photovoltaic solar cells. Previous works revealed that for a given concentration of donors (Tb   3+   ) , increasing the number of acceptors (Yb 3+ ) located near to the Tb 3+ ion can increase the Tb-Yb transfer probability. However, when increasing the density of active ions, some detrimental effects due to cross-relaxation mechanisms become relevant. On the basis of this observation the sample doping was chosen keeping constant the molar ratio [Yb]/[Tb] = 4 and the total rare earths contents were [Tb + Yb]/[Si + Hf] = 5%, 7%, 9%. The choice of the matrix is another crucial point to obtain an efficient down conversion processes with rare earth ions. To this respect a 70SiO 2 -30HfO 2 waveguide composition was chosen. The comparison between the glass and the glass-ceramic structures demonstrated that the latter is more efficient since it combines the good optical properties of glasses with the optimal spectroscopic properties of crystals activated by luminescent species. A maximum transfer efficiency of 55% was found for the highest rare earth doping concentration.
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Introduction
The absorption of radiation and its electrical conversion in photovoltaic solar cells is spectrally controlled by the bandgap of the semiconductor material. This corresponds, for instance, to 1127 nm for c-Si (Eg = 1.1 eV) or to 690 nm for amorphous silicon (a-Si, Eg = 1.8 eV) [1] . Radiation with energy lower than the bandgap is not absorbed because it is not able to generate electron-hole pairs and it is lost. Radiation with energy much higher than the gap is also not efficient because most of the energy is lost in internal thermalization processes [2] . Both of these losses are thus related to the spectral mismatch of the energy distribution of photons in the solar spectrum and the band gap of the semiconductor material and are the main sources of losses in PV solar cells. These phenomena lead to a loss in power of 24% by the non-absorption of low energy photons and 32% by thermalization [3] . Moreover thermalization also contributes to the heating of the photovoltaic cell which further reduces its performance [4] .
After the ''first generation" silicon wafer-based solar cells and the ''second generation" of thin-film technology focused on lower material consumption, the evolution for ''third generation" solar cells is based on the high efficiency conversion per unit area, with the possibility to double or even triple the energy conversion values from the present 15-20% to approach the thermodynamic limit upon solar conversion of 93% [5] . One of the keys to obtain high efficiency solar energy conversion is related to improving the match between the solar spectrum and the band gap of the semiconductor. This can be done either by adjusting the band gap of the device to the solar spectrum or by modifying the spectrum of the light that reaches the solar cell. The first approach is the case http://dx.doi.org/10.1016/j.optmat.2015.12.013 0925-3467/Ó 2015 Elsevier B.V. All rights reserved. of multi-junction cells which are a combination of several semiconductors. Each semiconductor has a different bandgap in order to collect a portion of the solar spectrum. The second approach, the wavelength conversion solution [6] , uses luminescent materials for downconversion and upconversion processes ( Fig. 1 ) in order to transfer as much of the solar photon energies close to the energy gap of the semiconductor, where absorption and efficiency of the device are maximum. Indeed, by concentrating the 300-1500 nm solar emission spectrum into a single narrow band spectrum corresponding to the bandgap the theoretical efficiency would be close to 80% [7] .
This work is focused on this second approach, in particular on the development of downconverting materials [8, 9] . The interest of these materials is that they can be easily integrated in the PV cells without changing their architecture, as a coating layer or by modifying some constituents of the cell itself like the encapsulating polymer or the cover glass. For this purpose different solutions have been proposed: metal sub-nanometric aggregates [10] , quantum dots [11, 12] , plasmonic structures [13] [14] [15] or rare earth ions [12, 16] . Rare earths are good candidates due to their wide variety of electronic levels [17] . The energy conversion by rare earths can be divided into three physical phenomena: quantum-cutting, down-shifting and up-conversion.
In this paper we focus on a quantum cutting mechanism which can produce two 980 nm photons from one 488 nm photon [18, 19] (Fig. 2) . Sol gel-derived silica-hafnia is a reliable and flexible system suitable for rare earth doping and fabrication of glass-ceramic planar waveguides. In silica-hafnia glass-ceramic the rare earth ions are embedded in hafnia nanocrystals which have a cutoff frequency of about 700 cm À1 . Therefore, the presence of hafnia nanocrystals provides a strong reduction of the non-radiative transition processes and an increase of the measured emission lifetime. For these reasons the silica hafnia glass-ceramic is a suitable matrix to produce rare-earth activated films for downconversion. The wavelength downconversion layer is placed in front of the photovoltaic cell in order to transform the radiation energy spectrum before the semiconductor solar cell.
Previous studies on 70SiO 2 -30HfO 2 downconverting waveguides [18, 19] showed a transfer efficiency as high as 38% for glass-ceramic films activated by the maximum rare earth amount: 1% of terbium and 4% of ytterbium ([Yb + Tb] = 5%). These studies reported also that for a given concentration of donors (Tb In the current paper we compare two series of 70SiO 2 -30HfO 2 samples activated by different molar concentrations of rare earths [Tb + Yb]/[Si + Hf] = 5%, 7%, 9%, prepared by sol-gel route using the dip-coating technique. The two series of samples were in form of glass (G) or glass-ceramic (GC), depending on the final annealing treatment at 900°C or 1000°C respectively.
Experimental
Two series of 70SiO 2 -30HfO 2 samples activated by different molar concentrations of terbium and ytterbium ions were prepared by sol-gel route using the dip-coating technique, keeping constant the rate [Yb]/[Tb] = 4, following the experimental procedure described in [18, 19] . Silica-hafnia films were deposited on cleaned pure SiO 2 substrates and the final films, obtained after 20 dips, were stabilized by a treatment of 5 min in air at 900°C. As a result of the procedure, transparent and crack-free films were obtained (G samples). To obtain GC samples, an additional heat treatment was performed in air at a temperature of 1000°C for 30 min in order to nucleate hafnia nanocrystals inside the film. 70SiO 2 -30HfO 2 GC planar waveguides doped with rare earth ions were thus produced. Table 1 gives the compositional and optical parameters of the obtained silica-hafnia G and GC planar waveguides.
The thickness of the waveguides and the refractive index at 632.8 and 543.5 nm were obtained by a m-lines apparatus (Metricon, model 2010) based on the prism coupling technique, using a Gadolinium Gallium Garnet (GGG) prism, with the setup reported in [20] .
X-ray Diffraction (XRD) spectra were collected in continuous scan mode in the 2h range 10-100°, with a scanning step of 0.1°a nd counting time of 60 s.
Transmission Electron Microscopy (TEM) images were taken at 300 kV with a JEOL 3010 instrument with an ultrahigh resolution (UHR) pole-piece (0.17 nm point resolution), equipped with a Gatan slow-scan CCD camera (model 794) and an Oxford Instrument EDS microanalysis detector (model 6636). X-ray Diffraction (XRD) measurements were carried out at room temperature by an X'Pert PRO diffractometer (Panalytical). A Cu anode (with Ka 1, 2 lines) was used as radiation source. Owing to the small thickness of the investigated waveguides, the grazing incidence X-ray diffraction (GIXRD) geometry was employed.
The transmittance spectra were recorded with an UV nearinfrared spectrophotometer. The photo-luminescence characterization was performed by a Horiba JobinYvon Fluorolog-3 spectrofluorimeter, able to perform PL, PLE and time resolved PL measurements both in solid and liquid samples in the whole range of UV-VIS-NIR wavelengths (from 250 nm to 1700 nm). The light of a 450 W Xenon lamp excites the sample after passing a double-grating Czerny-Turner monochromator to select the desired wavelength. As an alternative, external lasers or LED sources can be used. The optical emission of the sample is analyzed by a single grating monochromator coupled to a suitable detector: a Hamamatsu PMT R928 for measurements between 185 nm and 900 nm or a PMTR5509-73 for measurements up to 1700 nm.
For the lifetime analysis the spectrofluorimeter was operated in Multi Channel Scaling (MCS) mode. The excitation source was a pulsed Nd:YAG laser at 1064 nm included in a complete system that incorporates non-linear crystals for the generation of photons at different energies. The system is the NT 342/3/UVE/AW of Ekspla, with selectable emission from 210 nm to 2300 nm and pulse duration of about 6 ns with a repetition frequency of 10 Hz. In our application the laser was set at 350 nm to investigate the decay dynamic of the 5 D 4 ? 7 F 5 transition of Tb 3+ ions, with emission at 543.5 nm. Table 1 reports the optical parameters for the prepared samples.
Results and discussion
The waveguides have a thickness between 0.65 and 0.84 lm.
The refractive indices measured in TE and TM polarization modes are equal within the experimental uncertainty, so the birefringence can be considered negligible. The morphological and structural properties of the waveguides have been obtained by XRD and TEM measurements. The XRD analysis of various samples is reported in Fig. 3 . The patterns refer to waveguides doped with 1% Tb 3+ treated at 900°C (G) and 1000°C (GC) and to the GC samples doped with a total rare earth content of [Tb + Yb]/[Si + Hf] = 7%, 9%. All XRD spectra contain contributions from amorphous structures. In particular, the hump centered at 2h % 21°is a typical feature of a-SiO 2 , originating from the silica substrate and from the SiO 2 component of the waveguides (70 mol%). According to XRD, the waveguides treated at 900°C are fully amorphous. As clearly shown in Fig. 3(a) waveguides [21] . From the comparison between XRD data and the ICSD database, we attribute the crystalline phase to the metastable tetragonal hafnium oxide (t-HfO 2 ). The diffraction peaks calculated from the matched ICSD card (No 85322) are shown (vertical lines), which belongs to the isostructural metastable t-HfO 2 phase. The evaluation of the crystal size by fitting of the peaks was in the range of 3-4 nm. Fig. 4 shows the TEM images of the most doped G and GC samples, B5G and B5GC, with a total rare earth content of [Tb + Yb]/[Si + Hf] = 9%. The only difference in the two samples is the final annealing temperature at 900°C or 1000°C. It is worth observing that the sample treated at lower temperature is amorphous, while the higher temperature treatment induces the precipitation of small crystallites which size is of the order of 3-4 nm. This is fully in agreement with the XRD results previously discussed.
The optical transmission spectra of the investigated 70SiO 2 -30HfO 2 thin film doped with 1.4 mol% Tb 3+ treated at 900°C (BR4G) and treated at 1000°C (BR4GC), not reported, reveal interference fringes due to the difference in refractive index between the v-SiO 2 slabs (n = 1.46 at 632.8 nm) as substrates and the G or GC layer (n $ 1.57-1.60 at 632.8 nm). The transmittance of the GC is of the order of 90% in the visible and infrared regions; this high value is possible because of the small size of the precipitated crystals which is lower than visible light wavelength [22] . Photoluminescence emission of the samples was collected both in the visible and in the NIR spectral range. Fig. 5 comparison between the visible intensities of all the G and GC samples with or without Yb 3+ ions is reported in Fig. 6 . As expected in relation to the energy-transfer process, the introduction of Yb 3+ acceptor ions strongly reduces the emission intensity from Tb 3+ ions. Moreover, this effect is more significant for the GC samples with respect to the G samples. The analysis in the NIR is presented in Fig. 7 for the representative codoped GC sample B5GC, reporting the typical emission band peaked at 977 nm, with a shoulder at 1027 nm, attributed to the 2 F 5/2 ? 2 F 7/2 transition of Yb 3+ ions.
The conversion efficiency of the system is directly related to the energy transfer efficiency between Tb 3+ and Yb 3+ ions, which can be obtained by comparing the luminescence decay of terbium with and without ytterbium co-doping ions. Therefore the decay curves of the Tb , where the non-exponential behavior of the decay is in perfect agreement with the Inokuti-Hirayama model [24] . From a graphical comparison, it is worth observing that the GC samples exhibit a much higher reduction in the lifetime with respect to the G samples. This is in agreement with the previous observation that we have done regarding the 543.5 nm PL intensity reduction reported in Fig. 6 . Moreover, within each family, a very significant change occurs for the highest rare earths concentration of 9% with respect to the lower concentrations of 5% and 7%. This behavior can be quantified by single exponential fitting of the curves or, where necessary, double exponential fitting followed by evaluation of average lifetime [25] . The average lifetime of the Tb transition at 543.5 nm emission ions is reported in Table 2 for G samples and in Table 3 
In some papers, effective quantum efficiency is employed, defined by the ratio between the number of emitted photons and the number of photons absorbed by the material. In our case, a perfect down-conversion system would have an effective quantum efficiency value of 200%, corresponding to the emission of two photons for one absorbed. The relation between the transfer efficiency and the effective quantum efficiency is linear and is defined as:
where the quantum efficiency for Tb 3+ ions, g Tb-r , is set equal to 1.
The values of energy transfer efficiency and effective quantum efficiency calculated from the decay curves for the G samples are reported in Table 4 , while the results for the GC samples are reported in Table 5 . The values reported in the tables confirm the previous qualitative observations. In particular the transfer efficiency for GC samples is 2-3 times higher than the one of G samples. Moreover the transfer efficiency increases with the total rare earth content, confirming the trend reported in previous papers, with a highest value for the [Tb + Yb] = 9% in about 55%.
Conclusions
In summary, efficient quantum cutting in Tb The best performance is almost 55% and it is obtained for the most doped glass-ceramic sample, while it is only 26% in the glass sample with the same rare earth concentration. Indeed, as a general observation, the glass-ceramic structure always increases the effective quantum efficiency compared to the parent glass for each concentration. The waveguide configuration, because of the possibility to obtain high radiation confinement, opens new possibilities for integration of down-converters and light concentrators in PV solar cells. 
